The consequences of rapid and extreme flooding events, such as tsunamis, riverine flooding and 5 dam breaks show the necessity of developing efficient and accurate tools for studying these flow 6 fields, and devise appropriate mitigation plans for threatened sites. Two-dimensional simulations 7 of these flows can provide information about the temporal evolution of water depth and velocities, 8 but the accurate prediction of the arrival time of the flood and the extent of the inundated areas still 9 pose a significant challenge for numerical models of rapid flows over rough and variable topogra-10 phies. Careful numerical treatments are required to reproduce the sudden changes in velocities 11 and water depths, evolving under strong nonlinear conditions that often lead to breaking waves or 12 bores. In addition, new controlled experiments of flood propagation in complex geometries are 13 also needed to provide data for testing the models and evaluate their performance in more realistic 14 conditions. In this work we implement a robust well-balanced numerical model to solve the nonlin-15 1 Guerra et al., February 11, 2014 ear shallow water equations (NSWE) in a non-orthogonal boundary-fitted curvilinear coordinate 16 system. We show that the model is capable of computing flows over highly variable topogra-17 phies, preserving the positivity of the water depth, and providing accurate predictions for wetting 18 and drying processes. The model is validated against benchmark cases that consider the use of 19 boundary-fitted discretizations of the computational domain. In addition, we perform a laboratory 20 experiment of a rapid flood over a complex topography, measuring the propagation of a dam-break 21 wave on a scaled physical model, registering time series of water depth in 19 cross-sections along 22 the flow direction. We use the data from this experiment to test our numerical model, and compare 23 our model performance with the numerical results of two other recognized NSWE models, show-24 ing that ours is a reliable tool for predicting efficiently and accurately extreme inundation events 25 and long-wave propagation over complex topographies.
INTRODUCTION 29
In recent years, a number of catastrophic events have involved rapid flooding over complex 30 topography, such as tsunamis and river floods. In Chile, for example, several Glacial-lake outburst 31 floods (GLOF) have occurred in the Colonia river, a tributary of the Baker river (47 • 10' S; 73 • 20' 32 W), as a consequence of the Cachet-II lake outburst. In fact, two major events in 2008 generated an 33 increase of the Baker river free surface elevation of above 4.5 m and a peak discharge over 3,000 terms, the non-dimensional NSWE can be written in curvilinear coordinates in the following form 146 (Lackey and Sotiropoulos 2005),
where Q is the vector of hydrodynamic variables, F and G are the flux vectors expressed in terms 149 6 Guerra et al., February 11, 2014 of the new spatial coordinate system ξ and η, respectively, and S b (Q) and S f (Q) are the source terms vectors. These vectors are given by the following expressions:
where h represents the water depth, u and v are the non-dimensional depth-averaged flow velocities 154 in each Cartesian directions; z defines the bed elevation, z ξ and z η define the local bed slope with 155 respect to the transformed coordinate system (ξ, η) and S f represents the friction source term.
156
The additional terms that appear in the fluxes, ξ x , ξ y , η x , and η y are the resulting metrics 157 associated to the coordinate change, and J = ξ x η y − ξ y η x is the Jacobian of the transformation, 158 which will remain constant for a fixed grid. U 1 and U 2 are the contravariant velocity components, 159 expressed as U j = uǫ x + vǫ y with (j, ǫ) ∈ {(1, ξ), (2, η)}. The transformed system of equations 160 is discretized on a rectangular and uniform grid in the transformed space (ξ, η) using the finite 161 volume method that is described in the next section.
162

NUMERICAL SCHEME
163
The curvilinear NSWE system given in Eq. (1) is integrated using a finite volume well-balanced 164 scheme, coupled with a splitting strategy for the treatment of source terms (Liang and Marche 165 2009). We decompose the solution associated to the system of equations (1) at each time step 166 by solving two systems, one associated to the NSWE with topography source terms and a second 167 associated to the remaining friction terms. In the following subsections we describe the different 
Solution of the NSWE with Topography Source Terms
In this step we solve the following system associated to NSWE with topography source terms,
We seek a numerical strategy that provides stable shock-capturing integration of system (3) 174 with a precise control of the spurious oscillations induced by numerical dispersion. In addition, the 175 scheme should be able to handle the complex interactions between flow and topography, including 176 the preservation of motionless and steady states. We choose to adapt the robust second-order finite Taking into account the new system of coordinates, the spatial discretization of Equation (3) 180 can be recast under the following semi-discrete finite-volume formalism,
where Q i,j is the vector of cell-centered hydrodynamic variables, J i,j is the cell-centered Jacobian 183 of the coordinate transformation, F * i±1/2,j and G * i,j±1/2 correspond to the numerical flux functions 184 through the (i, j) cell interfaces, and S b(i,j) to the centered discretization of the bed-slope source 185 term. We denote by ∆ξ and ∆η the cell sizes, and the interface between the (i, j) th cell and the 186 (i + 1, j) th by (i + 1 2 , j), as depicted in Fig. 1 .
187
The computation of the numerical fluxes F * i±1/2,j and G * i,j±1/2 is achieved using a robust VFRoe- operation is defined as follows,
In this equation, the terms τ f x and τ f y are the non-dimensionalized bed shear-stresses for each 208 cartesian direction. The magnitude of the bed shear stresses in each direction can be calculated as 209 follows:
flood produced by a dam-break over a closed channel with three conical obstacles. This test was 274 first proposed by Kawahara and Umetsu (1986) and subsequently used by many researchers (e.g. to assess the ability of numerical models to deal with steep bed-slopes and friction source terms, 277 wetting/drying proceses, and test local and global mass conservation.
278
The basin is 70 m long in the streamwise x direction and 30 m wide in the cross-stream or y 279 direction. The bed topography is defined by the following equation, which is partially dry. Later, the wetting front separates and symmetrically goes around the larger 292 mound as it crosses back at the middle of the channel downstream from the larger conical obstacle.
293
Finally, the wave hits the downstream solid boundary and is reflected back to the obstacles. The were calculated at gauge locations; these relative errors are defined as follows:
390
Relative root mean square error (RRMSE) 391 A root mean square error is used to compare the experimental and numerical free surface 392 elevation at each location and at the same time to highlight the locations were the larger differences 393 were found. The relative root mean square error for a location k, and the average relative root mean 394 square error considering all locations are defined respectively as: where T is the period of time considered in measurements and in simularions (60 s); M is 398 the number of measurement points, and η k m and η k n are the measured and numerical free surface 399 elevation at each k location respectively.
400
Maximum amplitude of the wave 401 The maximum amplitude of the bore is an important flood variable since it is related with the 402 destructive potential of the wave. This variable is defined as the difference between the maximun 403 and the initial free surface elevation at the river reach. The mean relative error between experimen-404 tal data and numerical results is estimated as follows: 
